D
uring central nervous system development, neurons extend axons across great distances toward their associated targets. The process of axon extension and pathfinding is mediated by the growth cone, a structure which emanates from the distal axon, composed of F-actin and microtubule networks (1, 2) . The growth cone is able to sense and integrate a diverse range of extracellular guidance cues (secreted or membrane bound), which, in turn, trigger signaling pathways downstream of conserved receptors (3, 4) . The netrin family of guidance cues is vital in neural development of both vertebrates and invertebrates (5) . Netrin-1 has been shown to interact with at least four distinct families of transmembrane receptors: the Deleted in Colorectal Cancer (DCC) family, including DCC and its paralog neogenin, as well as DSCAM, the UNC-5 family, and, more recently, the amyloid precursor protein (6) (7) (8) (9) (10) (11) . Netrin-1 acts as a bifunctional guidance cue, promoting either attraction or repulsion of extending growth cones of various classes of neurons by signaling through its receptors and coreceptors (12) . In the developing spinal cord and cerebral cortex of vertebrates, netrin-1 exerts its attractive functions through the receptor DCC (7, 13, 14) . The significance of this pathway during neural development is underscored by the absence of spinal and cerebral commissures when expression of netrin-1 or DCC is disrupted (15, 16) . Considerable efforts have been made to elucidate the molecular pathways downstream of the netrin-1/DCC interaction. Upon netrin-1 stimulation, DCC becomes highly phosphorylated on serine, threonine, and tyrosine residues (17) . Phosphorylation of DCC at Tyr 1418 by the Src kinase Fyn occurs downstream of netrin-1 stimulation and is required for axon outgrowth and guidance (17) (18) (19) (20) .
Rho GTPases are molecular switches that regulate multiple intracellular processes, including actin remodeling, by cycling between an inactive GDP-bound and active GTP-bound state (21, 22) . During axon outgrowth and guidance, the recruitment and localized regulation of the Rho GTPases Rac1, Cdc42, and RhoA are fundamental for translating extracellular cues into cytoskeletal rearrangements within the growth cone (3, (23) (24) (25) (26) . Downstream of netrin-1/DCC, both Rac1 and Cdc42 become activated and drive axonal extension, while RhoA activation occurs most prominently during growth cone collapse (19, 27, 28) . More recently, we have shown that RhoA/Rho kinase and Src kinases induce ezrin-radixin-moesin (ERM) protein phosphorylation, which is required to mediate netrin-1/DCC-induced cortical axon outgrowth (29) . Rho GTPases are activated by guanine nucleotide exchange factors (GEFs), a family of proteins that stimulate GDP/ GTP exchange (30) . Recent studies have identified two mammalian GEFs mediating Rac1 activation downstream of netrin-1/ DCC: DOCK180 and Trio (31, 32) . Trio is the founding member of a family of GEFs which contain two Dbl homology/pleckstrin homology (DH-PH) GEF domains (GEFDs). Trio has activity toward both RhoG and Rac1 by its first GEFD (GEFD1), while the second GEFD (GEFD2) activates RhoA in vitro (33) (34) (35) (36) . Although its expression is ubiquitous, Trio is enriched in the brain, where it is present in 5 isoforms generated by alternative splicing (37) . The genetic ablation of Trio in the mouse is lethal between embryonic day 15.5 (E15.5) and birth (38) , with embryos presenting disorga-nization of neuronal projections in the developing spinal cord and brain (31) . Although we have shown that Trio interacts in a signaling complex with DCC, the SH2/SH3 adaptor protein Nck-1, and p21-activated kinase (Pak1) in vitro (31) , the mechanisms governing Trio localization and activity within the growth cone remain unknown. GEFs can be regulated by several molecular mechanisms, including phosphorylation, inter-and intramolecular interactions, and lipid binding (30) . Here Y2622F . In addition, Trio participates in the dynamics of DCC surface localization in response to netrin-1. Together, these data suggest a novel regulatory mechanism wherein Trio, in addition to regulating Rac1, also modulates the function of DCC via its Tyr 2622 phosphorylation site during netrin-1-induced axon extension.
MATERIALS AND METHODS
DNA constructs and antibodies. pGEX-5X constructs encoding Trio protein fragments 1 to 8 were cloned using standard cloning procedures (cloning details can be obtained upon request). Fragments correspond to Trio amino acids as follows: fragment 1, 1 to 232; fragment 2, 1 to 702; fragment 2a, 1 to 485; fragment 2b, 464 to 699; fragment 3, 700 to 1157; fragment 4, 1157 to 1203; fragment 5, 1204 to 1701; fragment 6, 1848 to 2298; fragment 7, 2299 to 2627; and fragment 8, 2627 to 3038. Green fluorescent protein (GFP)-Trio single and double point mutants were derived from the wild-type form of GFP-Trio (39) using the QuikChange site-directed mutagenesis kit (Stratagene), according to the manufacturer's instructions. pRK5-Fyn and pRK5-DCC constructs have been described previously (17, 40) . All constructs were verified by sequencing. The polyclonal anti-TrioMTP antibody was raised against a fragment encompassing residues 1581 to 1849 of the Trio-C isoform expressed as a glutathione S-transferase (GST) fusion protein in Escherichia coli (37) . The antibody was affinity purified on Affi-Gel Sepharose (Bio-Rad) coupled to the same protein antigen. The resulting antibody preparation was then passed through an Affi-Gel Sepharose column coupled to the GST protein in order to retain the anti-GST antibodies contained in the preparation. The TrioMTP antibody immunoprecipitates and recognizes by Western blotting all Trio isoforms. Additional antibodies included anti-DCC INT (clone G97-449; BD Biosciences), anti-DCC EXT (clone AF5; Calbiochem), antiphosphotyrosine (clone 4G10) and antitubulin (Upstate), anti-GFP (Invitrogen), anti-Pak (C-12) and anti-Fyn (Santa Cruz), antipFAK (pY861) and anti-FAK (Invitrogen) anti-Rac1 (BD Transduction Laboratories), anti-pERK1/2 (pThr202/pThr204) and anti-ERK1/2 (Cell Signaling), and anti-rabbit antibody-Alexa Fluor 488 and anti-mouse antibody-Cy3 (Molecular Probes).
Cell culture and transfection. HEK293, COS-7, and N1E-115 cells were cultured at 37°C in Dulbecco's modified Eagle's medium (DMEM; Wisent Bioproducts) supplemented with 10% fetal bovine serum, 2 mM L-glutamine, penicillin, and streptomycin (Invitrogen) under humidified conditions with 5% CO 2 . N1E-115 cells were plated on laminin-coated 100-mm dishes (25 g/ml; BD Biosciences). For the neurite outgrowth assays, N1E-115 cells were plated in 35-mm dishes (1.25 ϫ 10 6 cells/plate) containing glass coverslips coated with laminin. Cells were transfected with constructs as indicated below using linear polyethylenimine (PEI; PolySciences) at a 1:6 ratio (cDNA to PEI) as described previously (29) .
Primary cortical neuron culture and electroporation. Cortical neurons from E17 rat embryos were dissociated mechanically and electroporated with cDNA constructs encoding wild-type or mutant forms of GFP-Trio using the Amaxa rat neuron Nucleofector kit (Lonza). Postelectroporation, neurons were plated on poly-L-lysine (0.1 mg/ml; Sigma-Aldrich)-treated coverslips in 24- L-glutamine) . At day in vitro 1 (DIV1), the neurons were treated for the times indicated below with purified recombinant chick myc-netrin-1 (500 ng/ml), which was produced and purified as described previously (16) . Downregulation of endogenous Trio was achieved by electroporating dissociated E17 rat cortical neurons with 300 nM synthetic Trio small interfering RNAs (siRNAs) designed to target the 5= untranslated region (UTR) of the rat Trio mRNA (siRNA 1, 5=-GUAAAUAUCAACCGCAUAAUU-3=; siRNA 2, 5=-GAACAUGAUUGACGAGCAUUU-3=; Dharmacon/Thermo Scientific) together with 2 g of pmaxGFP vector (Lonza) used as a reporter. Only GFP-expressing neurons were assessed. The siRNA-resistant GFPTrio point mutant plasmids were coelectroporated where indicated, and expression of the exogenous proteins was verified by Western blotting (see Fig. 5F ).
Cortical tissue culture. Cortical tissues were dissected from E17 rat embryos. After light mechanical dissociation, tissues were transferred to a 4-well plate containing prewarmed maintenance medium and allowed equilibrate to 37°C. For pervanadate treatment, pervanadate (10 mM sodium orthovanadate and 10 mM hydrogen peroxide in phosphate-buffered saline [PBS]) was added to tissue cultures to a final concentration of 0.1 mM for 15 min prior to netrin-1 stimulation, and the total duration of pervanadate treatment was identical for each condition. Immediately following netrin-1 stimulation, samples were transferred on ice, collected, and processed as described.
GST-protein purification. Recombinant proteins corresponding to Trio fragments 1 to 8 were expressed in E. coli BL21(DE3) cells, except for fragment 2, which was expressed in E. coli Rosetta, and were purified as described previously (41) . Briefly, 1 liter of log-phase bacteria was induced with 1 mM isopropylthiogalactopyranoside (IPTG) and shaken overnight at 22°C. The bacteria were lysed in 20 ml of lysis buffer (20 mM Tris-HCl [pH 7.5], 0.1% Triton X-100, 1 mg/ml lysosyme, 1 mg/ml DNase I) and sonicated, and the lysates were centrifuged at 20,000 ϫ g for 20 min at 4°C. The clarified lysate was mixed for 1 h at 4°C with glutathione-Sepharose 4B beads (GE Healthcare) equilibrated with 20 mM Tris-HCl (pH 7.5)-0.1% Triton X-100. The beads were washed four times with the same buffer and once with 50 mM Tris-HCl (pH 8.0), and the proteins were eluted in 20 mM Tris-HCl (pH 8.0) containing 10 mM reduced glutathione. Proteins were stored at Ϫ80°C in the presence of 30% glycerol.
In vitro kinase assays. The GST-tagged fragments of Trio (1 g) purified from E. coli were incubated in a 20-l reaction mixture containing 50 mM Tris-HCl (pH 7.5), 1 M dithiothreitol (DTT), 5 mM manganese chloride, 5 mM magnesium chloride, and 100 M [␥- 32 P]ATP (PerkinElmer; 5 mCi/mol; 10 Ci/reaction) in the presence of 50 ng recombinant active Fyn (Millipore). After incubation for 30 min at 30°C, the reactions were terminated by the addition of 10 l of SDS sample buffer. Proteins were resolved by SDS-PAGE, and Coomassie blue-stained gels were dried and subjected to autoradiography.
Immunoprecipitation and Western blotting. Cell lines expressing GFP-Trio constructs and cortical tissues were lysed in lysis buffer containing 20 mM HEPES (pH 7.5), 100 mM NaCl, 10% glycerol, 1% Triton X-100, 20 mM sodium fluoride, 1 mM sodium orthovanadate, 1 mM phenylmethylsulfonyl fluoride (PMSF), and 1 M complete protease inhibitor cocktail (Roche Diagnostics). Protein lysates were subjected to centrifugation at 10,000 ϫ g for 2 min at 4°C to remove insoluble materials. For assays using exogenous GFP-Trio, 1 mg of protein lysate was incubated for 3 h at 4°C with 20 l of protein A-Sepharose beads and 2.5 g of GFP antibody. In the case of primary cortical lysates, 2.5 mg of protein lysate was incubated for 1 h at 4°C with 15 g of anti-TrioMTP antibody followed by a 2-h incubation with 40 l of protein A-Sepharose beads (GE Healthcare). Beads were washed three times with ice-cold lysis buffer and heated to 95°C in SDS sample buffer. Protein samples were resolved by SDS-PAGE, transferred to nitrocellulose membranes for Western blotting with the appropriate antibodies, and visualized by enhanced chemiluminescence (ECL; PerkinElmer).
Rac1 activation assay. Transfected HEK293 cells were serum starved overnight and then lysed in buffer containing 25 mM HEPES (pH 7.5), 1% NP-40, 10 mM MgCl 2 , 100 mM NaCl, 5% glycerol, 1 mM PMSF, and 1 M protease inhibitor cocktail. Protein lysates were subjected to centrifugation at 10,000 ϫ g for 2 min at 4°C to remove insoluble materials. Endogenous GTP-Rac1 was pulled down by incubating the protein lysates for 30 min at 4°C with the Cdc42/Rac interactive binding domain (CRIB) of mouse PAK3 (amino acids 73 to 146) fused to GST and coupled to glutathione-Sepharose beads (19, 42) . The beads were washed twice with 25 mM HEPES (pH 7.5), 1% NP-40, 30 mM MgCl 2 , 40 mM NaCl, and 1 mM DTT and resuspended in SDS sample buffer. For the assays following netrin-1 stimulation, transfected COS-7 cells (which do not secrete endogenous netrin-1) were serum starved overnight before stimulation with netrin-1 (500 ng/ml), and the assays were performed using a Rac1 activation kit (Cytoskeleton) according to the manufacturer's instructions. In both cases, protein samples were resolved by SDS-PAGE and transferred onto nitrocellulose membranes for Western blotting using the anti-Rac1 antibody. The levels of GTP-bound proteins were assessed by densitometry using Quantity One software (Bio-Rad) and normalized to the total amount of GTPases detected in the total cell lysates.
Immunofluorescence, microscopy, and Pearson's correlation coefficient. Transfected N1E-115 cells were fixed and permeabilized as described previously (19) . Coimmunostaining was carried out with the primary antibodies indicated below and the respective Cy3-or Alexa Fluor 488-conjugated secondary antibodies. Cells were examined with an Axiovert 135 Carl Zeiss microscope using a 63ϫ PLAN-Neofluar objective lens. Images were recorded with a digital camera (DVC Co.) and analyzed with Northern Eclipse software (Empix Imaging Inc.). Cortical neurons (DIV1 or 2) were fixed with 3.7% formaldehyde (Sigma-Aldrich) in 20% sucrose-PBS for 30 min at 37°C and permeabilized as described previously (29) unless otherwise indicated. Cortical neurons were visualized using an Olympus IX81 motorized inverted microscope using the 40ϫ U PLAN Fluorite and 60ϫ U PLAN S-APO oil objective lenses. Images were recorded with a CoolSnap 4K camera (Photometrics) and analyzed with the Metamorph software (Molecular Devices). For surface DCC detection, cortical neurons remained unpermeabilized, were blocked in 1% bovine serum albumin (BSA)-PBS, and were incubated with anti-DCC EXT in 1% BSA-PBS at 4°C overnight. Cy3-conjugated secondary antibodies were used to label surface DCC. Average pixel intensity of DCC fluorescence on growth cones and axonal surfaces was measured from acquired images by Metamorph software, using exclusive thresholding to eliminate background fluorescence. Coimmunostaining of cortical neurons was carried out as indicated below, and GFP-positive neurons were imaged on a Zeiss LSM510 laser-scanning confocal microscope with a PLAN-Apochromat 63ϫ/1.4 oil objective lens and analyzed with Zen2009 software (Carl Zeiss Microscopy). Quantification of colocalization using Pearson's correlation coefficient (r) was performed using MetaMorph software, analyzing more than 10 growth cones per condition in at least 4 independent experiments. Student's unpaired t test was used for statistical analysis, and the data were presented as mean r values Ϯ standard errors of the means (SEMs).
Neurite outgrowth analysis. More than 100 transfected N1E-115 cells were analyzed for each condition. A neurite was defined as a process that measured at least one length of the cell body, and the proportion of transfected cells expressing a neurite was determined manually. To analyze axon outgrowth of primary cortical neurons, 30 electroporated (GFPpositive) cells were analyzed for each condition. Axonal lengths were measured manually from acquired images using MetaMorph software. Student's unpaired t test was used for statistical analysis, and the data were presented as mean cortical neuron axon lengths Ϯ SEMs.
RESULTS

Netrin-1 induces Src kinase-dependent phosphorylation of Trio in the developing cortex. To investigate whether endogenous
Trio is tyrosine phosphorylated in response to netrin-1, embryonic E17 rat cortices were dissected and cultured in the presence of the tyrosine phosphatase inhibitor pervanadate prior to netrin-1 stimulation. After 5-and 10-min stimulations with netrin-1, the cortices were lysed and Trio was immunoprecipitated. Netrin-1 stimulation of cortical tissues induced a marked increase in tyrosine phosphorylation of full-length Trio and isoforms Trio-D and Trio-A at 5 min and 10 min, as shown by Western blotting with an antiphosphotyrosine antibody ( Fig. 1A and B) . Netrin-1 stimulation also induced FAK phosphorylation (Fig. 1A) , which has been previously reported for commissural and cortical neurons, thereby serving as a positive control for a stimulated state in our model system (18) . In addition to tyrosine phosphorylation of Trio, netrin-1 stimulation for 5 min resulted in an increased association of Trio with DCC in the embryonic cortex (Fig. 1C) . Since the Src-kinase Fyn has been reported to be part of the signaling complex downstream of netrin-1/DCC (17), we sought to determine whether Src family kinases mediate tyrosine phosphorylation of Trio in response to netrin-1. To this end, we preincubated rat embryonic cortical tissue with the Src kinase inhibitor PP2 before stimulation with netrin-1 (Fig. 1D) . The inhibition of Src kinases by PP2 resulted in a complete block in tyrosine phosphorylation of the three Trio isoforms induced by netrin-1 ( Fig. 1D and E) . In addition, Src kinase inhibition led to a reduction in FAK phosphorylation induced by netrin-1 (Fig. 1D ), but not ERK1/2 phosphorylation (Fig. 1F) . Therefore, netrin-1 induces tyrosine phosphorylation of Trio in a Src kinase-dependent manner and a concomitant association with DCC in the developing cortex.
Phosphorylation of Trio downstream of the Src family kinase Fyn is enhanced by DCC in N1E-115 neuroblastoma cells.
We have previously demonstrated that phosphorylation of DCC at Tyr 1418 by the tyrosine kinase Fyn is required for Rac1 activation and that Trio is required for this activation downstream of netrin-1 (17, 31) . This led us to investigate whether Fyn could phosphorylate and thereby regulate Trio activity. To this end, we cultured N1E-115 neuroblastoma cells, which express netrin-1 but not DCC (19) , and exogenously expressed Trio together with wild-type or constitutively active Fyn, with or without DCC. Trio tyrosine phosphorylation was observed in the presence of wildtype or active Fyn ( Fig. 2A and B) . Furthermore, coexpression of DCC with Trio and Fyn resulted in an additional increase in tyrosine phosphorylation levels of Trio induced by both wild-type and constitutively active Fyn ( Fig. 2A and B) . To investigate this increase in Trio phosphorylation induced by both Fyn and DCC, we coexpressed DCC mutants truncated in their intracellular do-main, together with Fyn and Trio in N1E-115 cells. The removal of the C-terminal extremity of DCC, comprising the conserved P2 (residues 1327 to 1363) and P3 (residues 1421 to 1445) domains (43) , significantly reduced the ability of DCC to enhance Fyninduced phosphorylation of Trio (Fig. 2C and D) . In correlation to this, when DCC mutant proteins lacking P2 and P3 domains were expressed in N1E-115 cells, their ability to induce neurite formation compared to the wild-type protein was significantly impaired (Fig. 2E) . This result is consistent with previous reports showing that the P3 intracellular domain of DCC is required for attractive signaling of the growth cone in response to netrin-1 (44) . Altogether, these data suggest that Trio is tyrosine phosphorylated downstream of Fyn and that an intact intracellular domain of DCC potentiates Fyn-induced tyrosine phosphorylation of Trio. Trio Y2622 is a major in vitro phosphorylation site of the tyrosine kinase Fyn. To determine whether Trio is directly phosphorylated by Fyn, N-terminal GST-tagged protein fragments spanning the full length of Trio were employed in an in vitro kinase assay with recombinant Fyn (Fig. 3A) . In this way, we identified two protein fragments of Trio to be highly phosphorylated by Fyn, one at the N terminus (fragment 2) and one at the C terminus (fragment 7) (Fig. 3B) . Each of the five tyrosine residues in fragment 7 were replaced by a phenylalanine residue, and subsequent in vitro kinase assays revealed that mutation of Tyr 2622 significantly reduced the overall phosphorylation of this fragment by Fyn, while mutation of adjacent Tyr 2600 only slightly reduced phosphorylation (Fig. 3C, right side) . When the amino acid substitution Tyr 2622F was introduced into the full-length GFP-tagged Trio protein, tyrosine phosphorylation of Trio with Fyn coexpression was significantly reduced compared to that of the wild-type Trio protein in HEK293 cells, whereas the Tyr 2600F substitution had no effect on Trio tyrosine phosphorylation (Fig. 3D) . For fragment 2, two subfragments (fragments 2a and 2b) spanning the length of fragment 2 were generated, and each tyrosine residue contained within these fragments was replaced with a phenylalanine residue. Subsequent in vitro kinase assays revealed Tyr 432 or Tyr 439 to be Fyn phosphorylation sites (Fig. 3C, left side) . However, when tyrosine-to-phenylalanine substitutions were introduced at these sites into full-length GFP-Trio, phosphorylation of Trio downstream of Fyn was not noticeably reduced in HEK293 cells (Fig. 3E) , and phospho-null Trio Y2622F were expressed ( Fig.  4A and B) . Both Trio and Trio Y2622E stimulated neurite outgrowth of N1E-115 cells either alone or with DCC coexpression; in contrast, the ability of Trio Y2622F to induce neurite outgrowth was reduced significantly compared to that of wild-type Trio (P Ͻ 5EϪ9) ( Fig. 4A and  B) . Furthermore, Trio Y2622F impaired the ability of DCC to induce neurite outgrowth in N1E-115 cells, acting as a dominant negative protein (P ϭ 0.003) (Fig. 4A and B) . These results suggest that phosphorylation of Trio at Tyr 2622 participates in DCC-mediated neurite outgrowth.
In order to determine if the reduction in neurite outgrowth by Trio Y2622F was due to an impaired GEF activity toward Rac1, we performed Rac1 pulldown assays to assess the levels of activated, endogenous GTP-Rac1 trapped by specific binding to the CRIB domain of Pak fused to GST (31, 42) . As expected, Trio expression in HEK293 cells increased Rac1-GTP levels ( Fig. 4C and D) , and we observed no significant difference in the abilities of the Trio Y2622E and Trio Y2622F mutant proteins to increase Rac1-GTP levels ( Fig. 4C and D) . We next investigated whether phosphorylation of Trio at Tyr 2622 plays a role in netrin-1-induced Rac1 activation. For that purpose, we coexpressed wild-type, phosphomimicking, and phospho-null Trio with DCC in COS-7 cells, which do not secrete netrin-1. In this context, expression of the phospho-null Trio Y2622F completely inhibited netrin-1-mediated Rac1 activation after 5 min in comparison to the expression of wild-type Trio, while it did not affect netrin-1-induced ERK1/2 phosphorylation ( Fig. 4E and F) . Curiously, expression of phospho-mimicking Trio Y2622E did not significantly restore netrin-1-induced Rac1 activation (Fig. 4E and F) ; however, it was not as inhibitory as the phospho-null Trio Y2622F (Fig. 4F ). This result suggests that replacing Tyr 2622 with a negatively charged residue only is not sufficient to restore netrin-1-induced Rac1 activation.
Together, these data demonstrate that Tyr Y2622 does not play a role in the intrinsic GEF activity of Trio toward Rac1 but is required for netrin-1 and DCC to mediate Rac1 activation and neurite outgrowth.
Phosphorylation of Trio at Tyr 2622 is required for netrin-1-mediated cortical axon outgrowth. Next, we explored the role of Trio tyrosine phosphorylation in netrin-1-mediated axon outgrowth of dissociated rat embryonic cortical neurons depleted of Trio expression. Endogenous Trio expression was downregulated in E17 rat cortical neurons by electroporation of synthetic siRNA targeting the 5= UTR of Trio mRNA, leading to downregulation of Trio, Trio-A, and Trio-D isoforms (Fig. 5A and B) . Consistent with our previous study on Trio Ϫ/Ϫ embryos (31), downregulation of Trio expression led to inhibition of netrin-1-induced axon outgrowth in cortical neurons (Fig. 5C) , as illustrated by the percentage of axons greater than 100 m (Fig. 5D) or by the distribution of axon lengths (Fig. 5E) . Interestingly, reexpression of wild-type Trio or the phospho-mimicking Trio Y2622E was able to restore netrin-1-induced axon outgrowth (Fig. 5C to E) . Expression of the phospho-null Trio Y2622F was, however, ineffective in rescuing netrin-1-mediated axon extension (Fig. 5C to E) . Therefore, these data show that Trio Y2622 phosphorylation is required for netrin-1 to mediate cortical axon extension. The finding that Trio Y2622E was capable of recovering netrin-1-mediated axon outgrowth suggests that replacing the tyrosine with a negatively charged residue was sufficient to mimic the role of Tyr 2622 in Trio function in this cellular context.
Phosphorylation of Trio at Tyr 2622 is required for netrin-1-enhanced Trio/DCC interaction in the growth cone. Since netrin-1 stimulation of cortical tissues enhances the interaction of Trio with DCC (Fig. 1C) , we next investigated the role of Tyr 2622 in this process. Wild-type Trio, phospho-mimicking Trio Y2622E , and phospho-null Trio Y2622F were expressed in isolated embryonic cortical neurons, and after a 5-min netrin-1 stimulation, the cell cultures were fixed and immunostained with antibodies against GFP and the intracellular domain of DCC (Fig. 6A) . Netrin-1 promoted a significantly enhanced colocalization of DCC with Trio (r ϭ 0.474; P ϭ 0.031) but not with the phospho-null Trio Y2622F mutant (r ϭ 0.295; P ϭ 0.996) in the growth cones, as determined by quantification of Pearson's correlation coefficient (r) (Fig. 6A and B) . The phospho-mimicking amino acid substitution Y2622E slightly increased colocalization of Trio with DCC at the growth cone in response to netrin-1 (r ϭ 0.434; P ϭ 0.18), although this was not statistically significant ( Fig. 6A and B) .
We next examined the contribution of Trio Y2622 phosphorylation in the interaction with DCC biochemically. Wild-type and mutant GFP-Trio constructs were coexpressed with DCC in COS-7 cells prior to netrin-1 stimulation (Fig. 6C) . After 5 min of netrin-1 stimulation, an increase in the amount of DCC coimmunoprecipitating with GFP-Trio was observed (Fig. 6C) . Although Trio Y2622F and Trio Y2622E were still able to interact with DCC, no enhancement of DCC interaction was observed with either protein in response to netrin-1 stimulation (Fig. 6C) . Together, these results are consistent with the observation that netrin-1 stimulation of cortical tissues enhances the interaction between wild-type Trio and DCC (Fig. 1C) and show that phosphorylation of Trio at Tyr 2622 is required for this netrin-1-induced association in neurons ( Fig. 6A and B) .
Trio is required to maintain DCC surface expression in the growth cone of cortical neurons. To determine if Trio influences DCC function by altering its localization, we assessed the surface expression of DCC in neurons depleted of endogenous Trio by immunostaining with antibodies against the extracellular domain of DCC under nonpermeabilizing conditions. When endogenous Trio expression was silenced, the intensity of cell surface DCC as detected by epifluorescence was reduced in the growth cones compared to that in cells expressing control siRNA (Fig. 7A and B) . Intriguingly, reexpression of either siRNA-resistant wild-type Trio or Trio Y2622E enhanced the average intensity of DCC at the growth cone surface, whereas Trio Y2622F did not ( Fig. 7A and B) . We next investigated whether Trio participates in the dynamics of DCC surface localization in response to netrin-1. For that purpose, we performed a netrin-1 time course experiment with cortical neuron cultures and assessed surface DCC enrichment in the growth cones relative to axons of the same cells. When cortical neurons expressing control siRNA were stimulated with netrin-1 for 5 min, we observed a significant reduction in cell surface DCC intensity at the growth cones (Fig. 7C) . At between 5 and 15 min of netrin-1 treatment, cell surface DCC was restored, and it was maintained until at least 30 min poststimulation. The observed increase in DCC surface intensity correlates well with the netrin-1-induced Trio tyrosine phosphorylation observed at 5 and 10 min in cortical tissues (Fig. 1A and B) . Conversely, Trio-depleted neurons exhibited a reduced level of cell surface DCC intensity, and netrin-1-mediated DCC surface dynamics of these cells were abrogated throughout the time course (Fig. 7C) . Taken together, these results suggest that Trio is required for a proper expression of DCC at the plasma membrane of growth cones and that phosphorylation at Tyr 2622 on Trio plays an imperative role in this process.
DISCUSSION
Previous studies have implicated the Rho GEF Trio as an important player during netrin-1-mediated axon outgrowth and guidance (31, (45) (46) (47) . In this report, we provide evidence for a novel mechanism of regulation of Trio by tyrosine phosphorylation in response to the axon guidance cue netrin-1. We present biochemical and cellular evidence aligning the tyrosine phosphorylation of Trio by Src family kinases downstream of netrin-1/DCC in the mammalian embryonic cortex. We show that Trio is phosphorylated by the Src kinase Fyn at Tyr 2622 . Although this residue is not involved in the regulation of the intrinsic Trio GEF activity toward Rac1, it is important for netrin-1-mediated Rac1 activation and DCC-induced neurite outgrowth in N1E-115 neuroblastoma cells and for netrin-1-induced axon extension in cultured cortical neurons. Furthermore, phosphorylation of Trio Y2622 is required for Trio/DCC interaction in response to netrin-1 and contributes to the proper localization of Trio and DCC at the growth cones of cultured cortical neurons stimulated with netrin-1. We also present evidence that Trio participates in maintaining DCC at the cell surface of neuronal growth cones and that phosphorylation of Trio Y2622 is required for this process. In addition, Trio is also necessary for the dynamics of DCC surface localization in response to netrin-1. Therefore, we propose that Trio Y2622 is essential for the proper assembly and stability of DCC/Trio signaling complexes at the cell surface of growth cones in order to mediate netrin-1-induced cortical axon outgrowth (Fig. 8) .
Neural isoforms of Trio, which are generated by alternative splicing, have previously been reported by Portales-Casamar et al. (37) . Trio-D, Trio-A, and Trio-C are highly expressed in both the embryonic and adult mammalian brains, with Trio-C being enriched in the cerebellum (37) . Here, we show that Trio-D and Trio-A are highly expressed in the embryonic rat cortex compared to full-length Trio. Furthermore, we demonstrate that full-length Trio, Trio-D, and Trio-A are tyrosine phosphorylated upon netrin-1 stimulation in a Src kinase-dependent manner in the rat embryonic cortex. We show that Trio is predominantly phosphorylated by Fyn at Tyr 2622 , which is present in full-length Trio and Trio-D. Since the most abundant isoform (Trio-A), which lacks Tyr 2622 , is also highly tyrosine phosphorylated in response to netrin-1, we reason that additional Src kinase phosphorylation sites of Trio are likely induced by netrin-1 but are rendered inaccessible in the context of the full-length protein.
We demonstrate that the increased tyrosine phosphorylation of Trio by Fyn requires an intact C terminus of DCC. The phospho-null DCC Y1418F mutant was still able to increase Trio phosphorylation by Fyn, suggesting that phosphorylation of DCC at Tyr 1418 is not sufficient to potentiate Trio tyrosine phosphorylation by Fyn (data not shown). However, removal of the conserved P2 and P3 regions of DCC significantly reduced its ability to increase Fyn-mediated tyrosine phosphorylation of Trio. These results are in agreement with previous studies showing the importance of the carboxy tail of DCC during netrin-1-mediated axon growth and guidance (43) . Since our previous results have shown that the interaction between DCC and Trio is indirect, possibly occurring through Pak1 and/or Nck1, an intact C-terminal domain of DCC is likely required for binding of these intermediate docking partners with Trio, thereby facilitating enhanced Src kinase-dependent phosphorylation of Trio (31) .
Phosphorylation is a commonly used mechanism of regulation for both GEFs and GTPase-activating proteins (GAPs) in response to extracellular stimuli in various cellular systems (30) . In the case of ephrin-Eph signaling, phosphorylation of GEFs and GAPs has been reported to play a predominant role in the regulation of axon guidance (48) . For instance, tyrosine phosphorylation of ephexin-1, a GEF for RhoA, Cdc42, and Rac1, induces a shift in its exchange activity toward RhoA, thus promoting ephrin-A-mediated growth cone collapse (49) . Vav2 and Tiam1 are also two GEFs that are regulated by phosphorylation during ephrin-Eph-mediated axon guidance (50, 51) . Furthermore, the activity of the Rac-GAP ␣2-chimerin is stimulated by Src family kinase-dependent phosphorylation downstream of ephrin-A1/EphA4, resulting in growth cone collapse (52) . In the case of Trio, its phosphorylation at Tyr 2622 did not alter its intrinsic GEF activity toward Rac1. However, in the context of netrin-1 signaling, the phospho-null Trio Y2622F mutant blocked netrin-1-induced Rac1 activation. Consequently, Trio Y2622F expression also inhibited the ability of DCC to induce neurite outgrowth and was not able to rescue netrin-1-mediated axon outgrowth in cortical neurons depleted of Trio. In this report, we provide the molecular function of Trio tyrosine phosphorylation by showing that Trio Y2622 is necessary for netrin-1 to enhance the interaction of Trio with DCC in coimmunoprecipitates and to increase colocalization of the Trio/DCC complex in the growth cones of rat embryonic cortical neurons. Moreover, when cortical neurons are depleted of Trio, we observed a significant decrease in cell surface DCC in growth cones, and the phospho-null Trio Y2622F mutant was not able to rescue this effect. This raises the interesting possibility that Trio also acts upstream of the guidance receptor DCC to regulate its levels at the Trio constructs and siRNA 2 in addition to a GFP-reporter construct. At DIV1, the neurons were fixed and the expression of surface DCC was assessed by staining with an antibody recognizing the extracellular domain of DCC under nonpermeabilizing conditions, and subsequent fluorescence microscopy (photomicrograph of DCC). Scale bar, 40 m. (B) The average pixel intensity ratio of surface DCC expressed at the growth cones relative to axons of each GFP-expressing neuron was calculated using MetaMorph software (15 cells per condition). Error bars indicate SEMs (n ϭ 4, 2 replicates each; *, P Ͻ 0.05). (C) Dissociated E17 rat cortical neurons were electroporated wtih either control siRNA or Trio siRNA 2 in addition to a GFP-reporter construct. At DIV1, the neurons were stimulated with netrin-1 (250 ng/ml) for the indicated times, fixed, and processed as for panel A. The average pixel intensity ratio of surface DCC expressed at the growth cones relative to axons of each GFP-expressing neuron was calculated using MetaMorph software (20 cells/condition). Error bars indicate SEMs (n ϭ 3, 2 replicates each; *, P Ͻ 0.05).
cell surface of the growth cones and that Tyr 2622 is required for this function (Fig. 8) . This proposed mechanism agrees well with previous studies with Caenorhabditis elegans that implicate the GEF activity of UNC-73 (Trio) and MIG-2 small GTPase (RhoG) as upstream regulators of the guidance receptors UNC-40 (DCC) and SAX-3 (robo) by affecting their membrane localization (46, 47, 53) .
Our data indicate that the phospho-mimicking Trio Y2622E partially restores Trio functions, showing that replacing a tyrosine with a negatively charged residue is not always sufficient to restore the function of a phosphotyrosine site. Since one notable consequence of protein tyrosine phosphorylation is the regulation of protein-protein interactions via binding to SH2 or PTB domains (54), we cannot exclude that phosphorylation of Trio Y2622 induced by netrin-1 may create a binding site for potential PTB-or SH2-containing proteins that would mediate Trio regulation of netrin-1/DCC-induced signaling pathways. Alternatively, Tyr 2622 may be a priming site that serves to promote a conformational change within Trio leading to specific protein-protein interactions and regulation of a Trio/DCC complex at the growth cone plasma membrane. In future studies, it will be of great interest to identify proteins interacting with Trio in a tyrosine phosphorylation-dependent manner that contribute to the regulation of cell surface DCC and, consequently, downstream signaling pathways. Our findings therefore provide the first demonstration of a mechanism of direct regulation of Trio in response to an extracellular stimulus, which echoes the importance of precise, localized regulation of Rho GEFs throughout biological systems.
